The purpose of this paper is to examine the suitability of fused deposition modelling (FDM), for the production of a pattern that can be used in direct manufacturing applications. In this work, the benchmark was identified and its best part orientation in a FDM machine was located through experimentation. Control charts and process capability histogram were drawn to assess the process capability of the FDM process. The micro hardness of the prepared sample was measured to check the suitability of the process for investment casting applications. Further dimensional accuracy of patterns was established by IT grades as per the ISO standard UNI EN 20286-I (1995). It was observed that the performance indices for all the dimensions in the present study are greater than 1. The study of photo micrographs using SEM gave an insight into the properties of the component (produced by FDM). This study highlights that the tolerance grades for ABS plastics are consistent with the permissible range of tolerance grades as per the ISO standard UNI EN 20286-I (1995) and DIN16901 standard.
INTRODUCTION
Rapid manufacturing (RM) is heralded as the next industrial revolution, as its impact is far reaching and the opportunities and advantages it offers are extensive Kumar et al., 2012; Singh, 2013) . RM parts are made using additive manufacturing technologies, and practically no waste material is generated (Kumar et al., 2013) . Moreover RM can even be used in cases of complex geometries and has given freedom to new designs (Garg and Singh, 2012) . For the production of moderate to high volumes of metal or plastic parts, moulding and casting are the prevalent processes . However, the tooling that is required demands a sizeable investment, and a significant amount of time is spent on the design of the product (Chabbra and Singh, 2011) . RM is an enabling technology since it eliminates the upfront expense and expedites manufacturing (Jacobs and Hilton, 2000; Lee et al., 2004) . A reduction in the product development cycle time is a major concern in industries who wish to remain competitive in the market place. Hence the focus has shifted from traditional product development methodology to rapid fabrication techniques like rapid prototyping (RP) (Tromans, 2003) . With the concept of an improvement in accuracy and materials being considered, it can be envisioned to upgrade conventional techniques to the so-called RM techniques in which single parts are made which will be the end product rather than a prototype (Wohler, 2007) . Product features, quality, cost and time to market are important factors for a manufacturer to remain competitive, and for this RP systems offer an opportunity to make products faster and usually at a lower price than convention methods (Agarwala et al., 1996) .
RM is one of the many numbers of applications for component parts made using 'Additive Layer Manufacturing' (ALM) processes (Masood and Song, 2004) . Other commercial applications for ALM within industry include the manufacture of prototypes, known as rapid prototyping, tool cores and cavities, known as rapid tooling (Gray et al., 1998) , and in the manufacture of patterns for a range of casting processes, known as rapid casting (Kumar and Kruth, 2010) . There has been an increase in the number of additive layer manufactured parts in recent years. RM is used for the manufacture of aerospace components, automotive applications, medical applications, motor sport parts (Pham and Gault, 1998) and consumer products, such as lightshades, furniture and football boots (Lam et al., 1998) . RM has been identified as a possible catalyst for a 'new industrial revolution for the digital age'. The impact of RM on future engineering and manufacturing will undoubtedly be widespread. The various RP processes are fused deposition modelling (FDM), selective laser sintering (SLS), stereolithography (SL), laminated object manufacturing (LOM), etc. (Kumar et al., 2013) . After 20 years of research, additive manufacturing (AM) continues to grow with the addition of new technologies, methods and applications (Lee et al., 2004) . The FDM system has been commercially developed by Stratasys Inc. USA. In this process, FDM materials like ABS, elastomers, polycarbonates, polyphenol sulphones and investment casting wax feeds into the temperature-controlled FDM extrusion head, where it is heated to a semi-liquid state (Lee et al., 2007) . The head extrudes and deposits the material in thin layers onto a fixtureless base. The head directs the material into place with precision, as each layer is extruded it bonds to the previous layer and solidifies. The designed object emerges as a solid three-dimensional part without the need for tooling. The FDM process is shown in Figure 1 .
EXPERIMENTATION
In the present work, the benchmark was identified as a spanner which is representative of the hand tool industry and manufactured using FDM. The hand tool industry is a vibrant and developing industry, which can derive benefit from RP techniques. For conducting the experimentation, a CAD model of the benchmark (Figure 2 ) was made on UNIGRAPHICS software. The 3D CAD model was converted into the STL format, which was fed into the computer attached to the FDM machine for preparation of the component. The 3D model was converted into different 2D views, which are shown in Figure 3 . The experimentation started with the identification of the best orientation. The machine was cleaned and the benchmark was set in default orientation as specified by the software. Thereafter the orientation was changed by varying the angles along the X , Y and Z axes of the FDM machine. The X and Y axes specify the movement of the ram, whereas the Z axis is the movement of the table in an up or down direction. After the setting of the orientations the component was sliced, layer by layer construction was carried out, and thereafter the components were cleaned. The best settings were identified based on the least consumption of support material, model material and the lowest production time. The consumption of the material and production time in different orientations is shown in Table 1 . It was observed that the consumption of the model material in various orientations was more or less same, and is found to be 8849 mm 3 or 9012.9 mm 3 . Consumption of the support material varied considerably between 2294.1 mm 3 to 13601.3 mm 3 for various orientations. A large variation in the production time was observed, ranging between 0.28 hours to 2.51 hours in various positions. The best orientation of the component leads to a reduced cost and reduced production time (Table 1) . Photo micrographs of the manufactured component under different orientations were taken with a Scanning Electron Microscope (SEM) using gold plating. The photo micrographs was checked at the best settings (based on consumption of model material, support material and production time), at a rotation of 15° to the best settings to the X axis and at a rotation of 30° to the best settings to the X axis. The photo micrographs at the best settings, rotation at 15° and 30° degrees along the X axis, are shown in Figure 4 . The study of the photo micrographs revealed that the at the best settings of orientation, uniformly distributed grains are observed, which were closely packed compared to the position of X= 15° and X =30°, and on this basis it was concluded that the components produced in the horizontal position would be the best for the present case study.
Photo micrographs at the best settings
Photo micrographs at a rotation of (along X axis) 15 Photo micrographs revealed the closeness and uniformity of bonding between adjacent beads under different orientations. At the best settings of orientation, uniformly distributed grains were obtained. It is observed that model material has not been deposited in certain places, and the number of places where material is left to be deposited is different under different orientations. This is because the deposition of material is dependent on the orientation of the benchmark. It is also observed that the size of the un-deposited model material also varies with the component orientations, as it is indicated that the space between beads is different in different orientations (Figure 4) . It can be concluded that orientations of the benchmark are important to obtain the desired properties. Based on the best settings and photo micrographs, thirty-two pieces were manufactured on the FDM machine. Two pieces of the component were produced at a time, one after the other, and thereafter components were produced after 2 hours, resulting in a total of sixteen samples. The measurements of eight critical dimensions were made on the coordinate measuring machine and the results of the same are tabulated in Table 2 and 3. 
RESULTS AND DISCUSSION
IT grades are an index to check the dimensional accuracy of components manufactured by any process. Tolerance factor 'i' is calculated for eight critical dimensions measured on CMM, and thereafter the tolerance unit 'n' is evaluated. This procedure is defined as per the ISO standard UNI EN 20286-I (1995). The results indicate that the majority of dimensions lay in the range of IT6 to IT10, which are consistent according to the ISO standard UNI EN 20286-I (1995) for a production process. Control charts are tools used to determine whether or not a manufacturing process is in a state of statistical controlprocess is said to be under statistical control if the measured values lie between + 2 sigma and -2 sigma. Analysis of the control chart indicates that the process is currently under control, and that data from the process can be used to predict the future performance of the process. If the A study of the X bar and the R chart reveals that the measured dimensions in all cases were found to be within the 'Upper Control Limit (UCL) and Lower Control Limit (LCL)' from which it can be concluded that the process is in statistical control. The measured dimensions were found to lie between (+2sigma and -2sigma) in most of the cases. There was no chance variation, as not even a single observation went beyond the control limits. No unusual pattern, like too many points on one side of the mean or a gradual shift of the points towards LCL or UCL, was observed which indicated that there was no change in the production process as the measured values lay between the LCL and the UCL. It can be concluded that process is in a 'state of statistical control', with no special causes of variation. Capability analysis is a set of calculations used to assess whether a system is statistically able to meet a set of specifications or requirements. Process capability indices (Cp and Cpk) are parameters that indicate the statistical capability of the process. Figure 7 shows the histogram for the process capability study for nominal dimension D1 with tolerances as per the DIN standards, while Figure 8 shows the histogram at reduced tolerances. The X axis of the histogram gives the classes and the Y-axis the frequency. .. The value of the process capability indices (Cp and Cpk) has a value greater than 1 for all the dimensions, which is again an indication of good process capability. It can be established that the process distribution is centred within its limits. Furthermore, Table 5 shows the micro hardness of the benchmark. The uniform micro hardness of the manufactured part (pattern) is an indication of the process pattern and is helpful in producing sound castings. The results obtained show that the micro hardness at different locations on the same sample was similar, which shows the uniformity with which the component is produced. It was also found to be uniform between the sample indicating there was no shift in the process and the process produced components of uniform properties. This was found in the range of 319 to 355 on the Vickers scale with an average value of 342. This property of the process to produce parts of uniform hardness is helpful in producing sound castings. Table 6 shows the deviation of the measured maximum and minimum values from the actual dimensions of eight different dimensions. This deviation is an indication of how closely the FDM process is manufacturing the benchmark within the desired standards as prescribed by DIN 16901. This process produced a benchmark within close tolerances, as specified by the DIN 16901 standards. The average variation in dimensions is as low as 0.5 percent. 
CONCLUSIONS
In this research work, the best orientation was chosen (that led to a considerable saving in support material and production time) for the development of a pattern for casting applications, and it was concluded from the study of photo micrographs at various orientations that the pattern of deposition of the model material depends on the orientation of the component. The tolerance grades for ABS plastics are consistent with the permissible range of tolerance grades (IT grades) as per the ISO standard UNI EN 20286-I (1995) , and are also acceptable as per the DIN16901 standard. It is observed that the performance indices for all the dimensions in the present study are greater than 1. As the performance indices are greater than 1, which is considered the industry benchmark, so this process will produce conforming products as long as it remains in statistical control. The control charts reveal that the measured values lie between the limits, which shows that the process is in statistical control. The micro hardness showed that there is little variation in the hardness if taken at the same sample or on different samples, which indicated no shift in the process and that the process produces components of uniform strength. Finally, based upon better mechanical and metallurgical properties, it can be concluded that FDM can be suitably used for casting applications and can be gainfully used for job/batch production.
